Introduction
The recent portable electronics boom has been driven by advances made in Li ion battery technology. This has led to a large amount of interest in the development of new materials with potential for use in such batteries. In terms of the electrolyte, there is growing interest in the development of new solid state electrolyte systems, which offer potential advantages in terms of cell safety and miniaturisation. In this respect, the lithium containing garnets have been attracting signicant interest, following initial reports of high Li ion conductivity in such systems by Thangadurai et al. 1 These Li containing garnets are unusual in the sense that they show an excess of cations (Li) compared to the traditional garnet materials, which have ideal general formula A 3 B 2 C 3 O 12 (where the A site is 8 coordinate, the B site is 6 coordinate and the C site is 4 coordinate). Thus in the Li ion conducting garnets, the conventional 8 coordinate (A) and 6 coordinate (B) sites are fully occupied, while partial occupancy of the tetrahedral (C) sites is observed, with additional Li in interstitial distorted octahedral sites not normally occupied in the garnet structure. Thus the stoichiometry of these Li ion conducting garnets can be given as A 3 B 2 Li 3+x O 12 , where 0 # x # 4 (ref. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (the value of x depends on the oxidation states of A and B). The initial work from Thangadurai and Weppner 15 on these systems reported the synthesis of the garnet materials Li 5 La 3 M 2 O 12 (M ¼ Nb, Ta) with high Li ion conductivities. The authors also reported that it is possible to increase the Li content by partial substitution of the La with K or alkaline earth cations, or by partial substitution of In for Nb. 16 To fully understand the Li ion conductivity of these garnet materials, it is important to have a detailed description of the structure. In this respect, initial structural studies using X-ray diffraction data led to different claims on the location of the Li sites. [17] [18] [19] This can be explained by the fact that Li has a weak X-ray scattering factor, which consequently severely hinders its effective location using X-ray diffraction. This problem can be solved through the use of neutron diffraction studies, with initial work in the area by Cussen et al. on Li 5 La 3 M 2 O 12 , showing that the space group was Ia 3d, with Li distributed over both the ideal tetrahedral garnet site and also interstitial distorted octahedral sites. 2 Cussen et al. also showed that the occupancy of the interstitial sites was only observed for Li contents per formula unit greater than 3, while in systems with ideal conventional garnet stoichiometry, such as Li 3 Ln 3 Te 2 O 12 (Ln ¼ rare earth), the Li was only present in the tetrahedral site. The Li ion conductivity for Li 3 Nd 3 Te 2 O 12 system was consequently low (s total(600 C) ¼ 1 Â 10 À5 S cm À1 ), and it was concluded that occupancy of both tetrahedral and octahedral sites is the key to ensuring good Li ion conductivity.
14,20
A number of recent modelling studies have investigated the conduction pathways within these garnet systems. These studies have suggested that the tetrahedral site plays a key role in the conduction pathway of the Li through the structure, thus highlighting the need for both Li in the distorted octahedral sites, as well as vacancies in the tetrahedral sites.
Studies aimed at varying the Li content have shown that it is possible to prepare samples with Li contents up to 7 Li per formula unit. In such high Li content garnets, there have been reports of ordering of the Li ions, with 1 Li ion per formula unit located in the garnet tetrahedral site and the remaining 6 Li in the distorted octahedral (4 in the Li2 site, and 2 in the Li3 site) sites, not normally occupied in an ideal stoichiometric garnet.
9
The ordering of the Li atoms within the structure has been reported to be necessary to avoid short Li-Li repulsive interactions. This ordering leads to a tetragonal, rather than cubic, unit cell and a low Li ion conductivity. 9 However, differing results have been observed for the phase with composition La 3 Zr 2 Li 7 O 12 , with reports of both cubic and tetragonal cell symmetry for this system. The formation of cubic systems generally involves high synthesis temperatures (up to 1000 C) with long heating times (over 12 h), which could give rise to Li 2 O evaporation from the system leading to lower than 7 Li per formula unit and hence explaining the cubic unit cell symmetry.
Other reports have suggested Al incorporation from reaction with crucibles occurs in these samples, due to the high synthesis temperature. In cases where cubic symmetry has been observed, high Li ionic conductivity was observed (i.e. s total(25
), while tetragonal samples showed low conductivity due to the ordering of Li. In line with suggestions that Al incorporation from the crucible may be occurring, there have recently been a number of reports of doping on the Li site with Al, Ga, Ge, In and Si. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] hours, on zirconia pellets to avoid Al incorporation) to examine the effect of sintering temperature on the conductivity. It was found that heating for 4 hours at 1000 C gave a density of $82% of the crystallographic density. Higher temperature heat treatment led to the formation of signicant perovskite-type impurities, attributed to Li loss, and so the sintering temperature was limited to 1000 C. Ag electrodes were attached to the pellet using Ag paste and the pellet red again, at 120 C for 30 min, to give a good electrical contact between the electrode and sample. Conductivity measurements were carried out using A.C. impedance spectroscopy (Hewlett Packard 4192A Impedance Analyser) in the range from 0.1 to 10 3 kHz. Conductivity measurements were performed in wet and dry N 2 to elucidate any changes in the conductivity on exposure to moisture. In order to conrm that the conductivity changes in wet atmospheres were not simply due to surface conduction along the edges of the pellet, impedance spectra were also collected on a pellet where the lateral pellet surfaces were covered with siliconbased grease (Dow corning high vacuum grease). In these experiments electrodes were applied to the pellet with the inner circle removed to create a ring-shaped electrode (shown in Fig. 1 ). This experimental approach allows for water incorporation into the sample, while preventing surface conduction: such an approach was demonstrated previously by Mather et al. in the study of proton conduction in nano-crystalline YSZ, 40 where the authors showed that in this case the enhanced conductivity in wet atmosphere was due to surface conduction rather than bulk effects. Impedance data were analysed using ZView soware 41 by tting the data to appropriate equivalent circuits.
Neutron diffraction data for Nd 3 Zr 2 Li 7 O 12 and Nd 3 Zr 2 Li 5.5 Al 0.5 O 12 were collected on the HRPD diffractometer, ISIS, Rutherford Appleton Laboratory. All structure rene-ments used the Topas suite of Rietveld renement soware.
Computational methods
In this study, well established atomistic modelling methods embodied in the GULP code 44 have been used, and these methods have been reviewed elsewhere. 45, 46 The calculations are based on the Born model for polar solids where the interactions between ions are represented in terms of a long-range Coulombic term plus an analytical function representing shortrange repulsive and van der Waals interactions. For this study, the short-range interactions were modelled using the Buckingham potential:
where r is the interatomic distance and A, r and C are empirically derived parameters. Charged defects will polarise nearby ions in the lattice and therefore, to calculate the defect energies accurately, we included the electronic polarisability in the model, which is incorporated via the shell model. 47 Point defects were modelled using the Mott-Littleton approach, in which a defect is introduced into the energy-minimised lattice, and the surrounding ions partitioned into two regions. 47, 48 An inner sphere of ions immediately surrounding the point defect (region 1) is then relaxed explicitly whilst the crystal bulk (region 2) is treated by computationally less expensive quasicontinuum methods.
As with previous modelling studies on protons in perovskite oxides 49 and silicate minerals 50,51 the OH interaction was treated using an attractive Morse potential (with Coulomb subtraction):
using parameters (listed in Table 1 ) developed from ab initio quantum mechanical cluster calculations, 50 with a point charge representation of the surrounding lattice. The dipole moment of the OH group was simulated by placing charges of À1.4263 and +0.4263 on the O and H species, respectively (overall charge À1.00) in accordance with this study. Additional Buckingham parameters were employed to simulate the interaction of the lattice oxygen atoms with the hydroxyl unit. 50, 51 Lattice energies for the binary oxides required in the doping studies were calculated using the parameters listed in Table 1 , whilst a correction term was added to account for the change in chemical potential energy due to the formation of LiOH and Li 2 CO 3 from Li 2 O using the following equations:
The correction term was calculated using experimental enthalpy of formation at 300 K.
52,53

Results
Structural studies X-ray diffraction patterns showed that the Nd 3 Zr 2 Li 7 O 12 garnet phase was successfully prepared, with peak splitting indicative of a tetragonal unit cell. In contrast the Al doped phase, Nd 3 Zr 2 Li 5.5 Al 0.5 O 12 , showed a simpler X-ray diffraction pattern, consistent with a cubic unit cell (Fig. 2) . This change in symmetry is an indication that Al has been successfully doped onto one of the 3 Li sites, leading to the creation of 2 Li + vacancies for each Al 3+ introduced (one Al 3+ will replace three Li + ), and hence allowing the introduction of disorder and the change in the symmetry to a cubic unit cell. 12 and gave sensible values with low positional errors for the respective sites. Li occupancies were initially set at full occupancy for each site. Renement of these Li site occupancies led to negligible change from full occupancy. The values were therefore xed at full occupancy for the nal renement. Renement of the atomic displacement parameters led to values with large errors, and so an overall parameter for the phase was rened. Some extra peaks were present in the neutron diffraction pattern, which could be attributed to Li 2 CO 3 from the excess used in the synthesis, and the vanadium sample can used in the experiment. These were included in the renement as secondary phases. The nal structural parameters and bond distances are presented in Tables 2 and 3 , with the observed, calculated and difference neutron diffraction proles presented in Fig. 3 .
In the Rietveld renement of the structure of (1)Å. In the rst instance, it was assumed that only Li was present on the Li sites, and the occupancies of these sites were allowed to vary in the rene-ment. From this renement, the occupancy of the Li1 (24d) (ideal tetrahedral) site showed a value close to zero. As Li has a negative scattering length and Al has a positive scattering length this was a good indication that Al had been successfully doped onto this site. The Al on the Li1 (24d) site was therefore added to the renement and the occupancy of the Al was xed at the value (1/6) expected from the initial sample composition. The occupancy of this site by Al was supported by the modelling studies (see next section). The Li occupancies were then constrained to equal 5.5 Li atoms per formula unit, again as expected from the sample stoichiometry. The fractional Li occupancies were then rened, giving the tetrahedral Li1 (24d) site a Li occupancy of 0.35(2) and the distorted octahedral site Li2 (96h) an occupancy of 0.368 (5) . Renement of the Li3 (highly distorted octahedral) site (found to be occupied in other Li containing garnets) led to zero occupancy of this site, and so this site was removed from the renement. As with the rene-ment of the structure of tetragonal Nd 3 Zr 2 Li 7 O 12 , an overall atomic displacement parameter was rened. As before, extra peaks were observed due to the vanadium sample can which was included as a secondary phase. Final structural parameters and bond distances are presented in Tables 4 and 5 . The observed, calculated and difference neutron diffraction proles are presented in Fig. 4 .
Modelling studies
The interatomic potentials used for the modelling studies of Nd 3 Zr 2 Li 7 O 12 and Nd 3 Zr 2 Li 5.5 Al 0.5 O 12 are listed in Table 1, while  Table 6 shows the structural reproduction of the calculated structure, illustrating a t to within 1% of the observed cell parameters. This represents excellent agreement especially since the modelling of these structures is not trivial given their complex nature, with Li present in both the tetrahedral and octahedral coordination sites. Fig. 5(a) and (b) show the schematic representations of both the tetragonal and cubic structures. Tables 3 and 5 The defect modelling suggests the most favourable intrinsic defect to be the Li Frenkel defect, see Table 7 . The dopant studies in Nd 3 Zr 2 Li 7 O 12 suggest the Li1 (tetrahedral) site to be the most favoured site for Al doping in accord with the diffraction studies. The local structural analysis from The results also show that the nearest neighbour Li, that used to be in the octahedral coordination site, has a tendency to displace to achieve LiO 4 tetrahedral coordination, see Fig. 6 (a). The next nearest lithium however remains octahedrally coordinated suggesting no longrange distortions. A similar situation is also observed for the Nd 3 Zr 2 Li 5.5 Al 0.5 O 12 phase. From these calculations Al doping on the Li sites is predicted to be favourable in accord with experimental observations. In determining the trivalent dopant solution energies, three different mechanisms were investigated (equations shown in Table 8 ), where Li 2 O, Li 2 CO 3 and LiOH were possible by-products of the doping studies. Table 8 lists the most favourable calculated solution energies for doping a variety of trivalent atoms (Al, Ga, In) in place of Li. These M 3+ dopants were predicted to favour the tetrahedral Li1 site. The modelling also implies that if CO 2 is present, then the formation of Li 2 CO 3 is most favourable. The results therefore suggests that the atmosphere (i.e. partial pressures of H 2 O, CO 2 ) used in the synthesis may have an effect on the incorporation of dopants in these garnet systems. In addition to the analysis of the incorporation of trivalent dopants, modelling of Li + /H + exchange has also been investigated. Table 8 lists the two mechanisms considered for proton-exchange. The solution energies for proton exchange imply that the formation of Li 2 CO 3 is more favourable than the formation of LiOH as a by-product, suggesting again that the atmosphere, which the sample is exposed to, may have a signicant effect on this process. Local structure analysis of the proton environment suggests that the H + prefers to exchange with the Li on the octahedral site causing signicant distortions as it forms a typical O-H bond (0.978Å) with the nearest neighbour oxygen (illustrated in Fig. 6(b) ). Neighbouring octahedral and tetrahedral Li sites are also slightly distorted. Local atomic distances are shown in Fig. 6(b) .
Conductivity studies
Room temperature A.C. impedance measurements of Nd 3 Zr 2 Li 7 O 12 in wet and dry N 2 recorded a very high resistance at the limit of the instrument capability. At higher temperatures, an increase in the conductivity was observed, but the conductivity remained low consistent with the ordered nature of the Li ion distribution in this phase. Arrhenius plots comparing the conductivity of the sample in wet and dry N 2 are presented in Fig. 7 . A small improvement in the bulk conductivity was observed in wet N 2 experiments in the temperature range 100-400 C. Activation energies were calculated to be 0.55 eV in wet N 2 atmosphere and 0.66 eV for the dry N 2 experiments. This improvement in the conductivity can be attributed to the effect of H + /Li + exchange, which would lead to a number of consequences. The introduction of protons may lead to a protonic contribution to the conductivity, while the O 12 showed signicantly higher conductivities, as expected from the introduction of Al lowering the Li content, and hence leading to disorder on the Li sublattice. Under a wet N 2 atmosphere, the impedance spectrum at RT showed a single semi-circle which was characteristic of a bulk response (Fig. 8) .
The conductivity was calculated to be s bulk(25 C) ¼ 3.9 Â 10 À5 S cm À1 , comparable to values previously reported for other cubic
Li ion conducting garnets. The activation energy was calculated to be 0.56 eV between 100 and 400 C. For the dry N 2 atmosphere, the room temperature data showed a larger bulk semicircle, along with the beginning of a second feature attributed to a grain boundary response (Fig. 9) . The bulk conductivity was calculated to be s bulk(25 C) ¼ 9.1 Â 10 À6 S cm À1 , indicating a lower bulk conductivity than in the wet atmosphere. At higher temperatures, both the data in dry and wet N 2 showed the presence of two semicircles consistent with bulk and grain boundary components. Equivalent circuits were used to t these data and are presented in Fig. 10 and 11 for the 100 C data set.
The activation energy was calculated to be 0.38 eV in the dry N 2 atmosphere between 100 and 400 C, which is slightly lower than for the wet N 2 data. Arrhenius plots comparing the conductivities in wet N 2 and dry N 2 are shown in Fig. 12 . These data show interesting variations. In particular, at temperatures below 100 C, the bulk conductivity is lower in dry N 2 than in wet N 2 , suggesting an additional protonic contribution in the latter. However, at 
100
C and above, the conductivity in dry N 2 becomes higher. In this case, however, there also appears to be an enhancement in the bulk conductivity below 100 C. It was thought that this may be related to surface conduction; recent work suggesting high room temperature proton conductivity in nano-crystalline yttria-stabilised zirconia 40 has been similarly identied as being due to surface conduction. In order to determine whether surface conduction was also a factor in the case of these garnet materials, A.C. impedance measurements were recorded on pellets, which had been coated with silicone grease on the lateral surface (as described in the experimental section; see Fig. 1 ). In wet N 2 , the impedance spectrum (Fig. 13) showed a similar reduced bulk resistance compared to the dry N 2 experiment. (Note: the increase in resistance compared to the initial wet N 2 data set is due to the fact that in this experiment, the inner circle of Ag has been removed to create a ring-shaped electrode, leading to a reduction in the electrode area.) The fact that the conductivity is still enhanced in this experiment could be taken suggest that there is bulk rather than surface proton conduction, although given the fact that the pellet was only $82% dense, it is not possible to discount water incorporation into the pores and resultant surface conduction along grains (as noted in the experimental section, attempts to increase the pellet density by higher temperature sintering led to signicant Li loss). Possible support for the enhancement being due to bulk conduction is, however, provided by recent results by Larraz et al., who have reported the presence of bulk water at low temperatures in garnet Li ion conductors. 55 Such water insertion would increase the H content and so may enhance the protonic contribution to conduction leading to the observed conductivity enhancement. The results therefore suggest further work on the effect of water on these garnet materials is warranted. In particular there is a need for the preparation and analysis of dense pellets through low temperature/short heating time routes, e.g. spark plasma sintering, to avoid Li loss.
Conclusions
We have shown the successful synthesis of the tetragonal garnet phase Nd 3 Zr 2 Li 7 O 12 for the rst time. We have also shown that it is possible to change the unit cell symmetry to cubic by doping on the Li sites with Al. Neutron diffraction studies were used to determine that Al had been doped onto the ideal garnet tetrahedral site, also supported by the results of modelling studies.
Conductivity measurements of the tetragonal Nd 3 Zr 2 Li 7 O 12 sample showed low conductivity due to Li ordering. Doping with Al improved the conductivity via creating defects within the structure. It was shown that, in both samples, moisture has a signicant effect on the conductivity. The elimination of the grain boundary component in wet atmospheres is especially signicant, with regard to the total conductivity, and shows that care should be taken to ensure elimination of water in assessing the room temperature Li ion conductivity of these systems. The modelling studies further support the favourability of the Li + /H + exchange process, with the favoured H + site being the distorted octahedral Li site. The modelling studies also suggest that the atmosphere may also have an effect on the degree of exchange. 
